This paper presents a wireless ultrasonic wavefield imaging (WUWI) technique for detecting hidden damage inside a steel box girder bridge. The proposed technique allows (1) complete wireless excitation of piezoelectric transducers and noncontact sensing of the corresponding responses using laser beams, (2) autonomous damage visualization without comparing against baseline data previously accumulated from the pristine condition of a target structure and (3) robust damage diagnosis even for real structures with complex structural geometries. First, a new WUWI hardware system was developed by integrating optoelectronic-based signal transmitting and receiving devices and a scanning laser Doppler vibrometer. Next, a damage visualization algorithm, self-referencing f-k filter (SRF), was introduced to isolate and visualize only crackinduced ultrasonic modes from measured ultrasonic wavefield images. Finally, the performance of the proposed technique was validated through hidden crack visualization at a decommissioned Ramp-G Bridge in South Korea. The experimental results reveal that the proposed technique instantaneously detects and successfully visualizes hidden cracks even in the complex structure of a real bridge.
Introduction
Early damage detection of in-situ bridges gained significance after the cataclysmic collapse of several bridges, including collapse accidents at the Sungsoo Grand Bridge in South [1] . To date, a number of structural health monitoring (SHM) techniques have been developed and applied to in-situ bridges for assessing their safety and integrity. For example, conventional vibration-based bridge monitoring techniques known as global SHM techniques are suitable for detecting changes in global dynamic characteristics such as natural frequencies and modal damping ratios. Although these conventional techniques are advantageous to evaluate the overall condition degradation of a target structure [2] [3] [4] , they are often insensitive to local incipient damage in critical structural members [5, 6] .
To surmount these limitations, a number of NDT techniques have been proposed, with attempts made to apply them to bridge damage detection: ultrasonic [7, 8] , acoustic emission [9] , eddy current [10] and magnetic inspection [11] . Compared to global SHM techniques, these local NDT techniques are sensitive to incipient damage, thus making it possible to prevent catastrophic failure of a bridge. Moreover, they potentially reduce the maintenance costs of a bridge by considering its life-cycle costs. Among the various NDT techniques, the ultrasonic technique has proven to be one of the most promising tools for bridge monitoring because ultrasonic waves are sensitive to local hidden damage and are capable of propagating over relatively long distances with little attenuation [8] . However, the ultrasonic technique confronts several technical challenges for field bridge monitoring: (1) sensor installation and cabling are labor-intensive and cumbersome because a huge number of sensors and electric cables are required for large area inspection, (2) spatially limited sensing points may not achieve enough spatial resolution to detect incipient damage, and (3) sensors and cables can be the weakest link in the bridge monitoring system, thus increasing long-term maintenance costs.
There are ongoing efforts to overcome the aforementioned technical challenges by using laser beams to generate and measure ultrasonic waves, which is called a laser ultrasonic technique. One of the most widely accepted principles of the laser ultrasonic technique is that ultrasonic waves are generated using a pulse laser, and the corresponding ultrasonic responses are measured by laser interferometry [12] . The laser ultrasonic technique has superior capability for local damage detection in that it can generate and measure ultrasonic waves in a noncontact way. Moreover, multi-dimensional ultrasonic wavefield images can be obtained by incorporating laser-scanning capability, enabling researchers to visualize structural damage with high spatial and temporal resolution. These features allow us to intuitively evaluate and instantaneously diagnose structural damage without relying on baseline data obtained from the undamaged condition of the target structure. Recently, complete noncontact laser ultrasonic wavefield imaging techniques have been developed for subsurface crack visualization in a metallic plate [13] and delamination/debonding visualization in composite structures [14] .
Even though the laser ultrasonic technique has a number of advantages for damage detection, it still has technical limitations for the real field bridge application. First, noncontact ultrasonic wave generation using a pulse laser often has low efficiency on coated target surfaces. Note that bridge girder surfaces in South Korea are typically coated by thick paint layers for the purpose of maintenance. If the laser power is increased to generate a higher amplitude of ultrasonic waves, surface ablation occurs due to the coated paint's low melting temperature. Second, laser-generated ultrasonic waves most likely become surface waves at the near field of the incident laser source. However, because these surface waves are not sensitive to subsurface damage, far-field responses with higher amplitudes are required for subsurface damage detection. Unfortunately, the distance between laser excitation and sensing points is often limited because lasergenerated ultrasonic waves have relatively low amplitudes compared to the inherently high noise level in the bridge field. For these reasons, a new wireless ultrasonic generation system incorporated with a wireless piezoelectric transducer (PZT) rather than the complete noncontact ultrasonic excitation system using a pulse laser was developed and applied to the real bridge in this study.
Recently, a number of wireless ultrasonic techniques have been developed to overcome the drawbacks of the conventional wired ultrasonic techniques. One of the most noticeable achievements is the development of a wireless transducer node based on radio frequency (RF) technology [15, 16] . The RF node wirelessly carries the desired ultrasonic excitation and sensing signals through radio waves in the frequency range of several hundred MHz. However, additional power supplies from solid-state batteries or power harvesting devices are required for their uninterrupted operation. This additional power supply potentially increases long-term maintenance costs associated with the battery replacement and repair. Alternatively, an inductively coupled ultrasonic transducer has been proposed [17] . Although additional power sources are not necessary, the transmission distance for wireless power and data transmission is limited in the order of centimeters. More recently, laser-based wireless ultrasonic generation and measurement systems have been developed by [18] . The main advantages of the laser-based wireless system are that (1) the excitation laser beam can wirelessly provide the desired ultrasonic waveforms as well as the required power for ultrasonic excitation, and (2) the transmission distance between the laser source and the target excitation or sensing node can be more than several meters.
This study proposes a novel wireless ultrasonic wavefield imaging (WUWI) system where a surface-mounted PZT is wirelessly excited by a modulated laser beam, and the corresponding ultrasonic responses are measured by scanning with a laser Doppler vibrometer (LDV). Then, a damage visualization algorithm, called a self-referencing f-k filter (SRF), is introduced [19] to automatically identify and localize hidden cracks. The proposed system and algorithm are then applied to the decommissioned Ramp-G Bridge in South Korea, which is a unique opportunity for destructive testing in a real bridge structure. This paper organized as follows. First, the hardware development for the WUWI system is described in section 2, and the details of the SRF are explained in section 3. Next, the applicability of the proposed technique to a real bridge structure is examined by destructive testing of the Ramp-G Bridge in sections 4 and 5. Finally, this paper concludes with summary and discussion in section 6.
Hardware development of a WUWI system
The proposed WUWI system is composed of excitation, sensing and control units, as well as a PZT excitation node, as shown in figure 1 . The working principle of the WUWI system is as follows. First, the virtual grid points for scanning and sensing are created on the target surface using a digital camera and a software program embedded in the control unit. Subsequently, the sequences of scanning sensing points are predetermined. Once the grid points and scanning sensing sequences are determined, an arbitrary waveform generator (AWG) in the excitation unit sends out a trigger signal to the control unit to activate the synchronized excitation and sensing. Next, the control signal from the control unit is transmitted to the sensing unit for data acquisition. In the excitation unit, an arbitrary electric voltage signal is generated and converted into a laser beam by a laser diode, and the laser beam is wirelessly transmitted to a photodiode in the PZT excitation node. Then, the photodiode reconverts the optical signal into an electric voltage signal so that the PZT embedded in the target structure is excited, and ultrasonic waves are consequently generated. Here, the power required to operate the PZT excitation node is supplied by an additional high-power laser in the excitation unit, as shown in figure 1 . The corresponding ultrasonic responses are measured at the first predetermined measurement point, and the measured data are transmitted to the control unit for signal processing. The control unit consecutively moves the sensing laser beam automatically to the next measurement point by sending control signals to the sensing unit. By repeating the prescribed procedure over the predetermined sensing points, ultrasonic wavefield images are constructed onto the target surface and processed to automatically visualize hidden damage.
Excitation unit and PZT excitation node
The excitation unit is divided into a laser signal transmission part and a wireless power transmission part, as shown in figure 1 . The laser signal transmission part consists of AWG, a transistor, a laser diode and a beam collimator, and the wireless power transmission part is composed of a highpower laser and a beam expander [18] . First, a desired voltage input (V AWG ) such as a toneburst signal is generated by AWG and applied to the transistor which amplifies and controls electric signals. Here, a metal-oxide-semiconductor fieldeffect transistor (MOSFET) is used in this study because it can effectively control an output current by an input voltage [20] . Then, the transistor, where V AWG is applied, creates a modulated current signal (I LD ), and I LD is subsequently applied to the laser diode. The laser diode (LPSC-1310-FC, Thorlabs Inc.) transmits the modulated laser signal (P O ) to the beam collimator through an optical fiber, and P O is emitted to a photodiode in the PZT excitation node. Here, V AWG needs to have a dc offset voltage because P O can have only positive values. Note also that there is a nonlinear relationship between V AWG and P O that can distort the original waveform of V AWG due to the nonlinear characteristics of the transistor and the laser diode [21] . To reduce such nonlinear effects, the peak-to-peak amplitude of V AWG is limited within a small range of around 300 mV in this study.
To operate the PZT excitation node, a certain level of electrical power is necessary. Here, the high-power laser (15 W, 532 nm) in the excitation unit wirelessly transmits the required power to the PZT excitation node. The high-power laser beam (P HL ) is transmitted to the beam expander, and P HL is emitted to the photovoltaic panel in the PZT excitation node, as shown in figure 1 .
The PZT excitation node is further divided into a PZT excitation part and an electric power supply part. The PZT excitation part is composed of a photodiode (FDG1010, Thorlabs Inc.), an amplifier and a PZT installed in the target structure. Then, the electric power supply part is comprised of a photovoltaic panel (M165110, Solarcenter Inc.) and a dc-todc converter (LM7815CT, Fairchild Semiconductor Inc.) that supplies electric power to the amplifier, as shown in figure 2 (a). The working principle for the PZT excitation node is as follows. The P O is reconverted into the current source (I PD ) by the photodiode in the PZT excitation node. Here, I PD is linearly proportional to P O , and the output voltage (V PD ) produced by the photodiode is given as [22] :
where I r is the reverse saturation current, e is an electron charge (−1.60 × 10 −19 C), k B is Boltzmann's constant (8.61 μeV/K), T is the absolute temperature of the photodiode and n is the ideality factor, depending on the semiconductor material and fabrication characteristics (n = 1-2).
Next, the amplifier shown in figure 2(b) is used to magnify V PD into V PZT because the V PD level is not high enough to excite a typical PZT transducer mounted on a real structure. The electric circuit structure of the PZT excitation node (except the low-pass filtering part) is identical to the one described in [19] , and the power supply voltage of the operational amplifiers in this study is 16 V, resulting in 16 V being the maximum magnifying capacity of the amplifier. To reduce high-frequency electrical noise components, a newly designed low-pass filter is embedded between the differential amplifier and the excitation PZT, as shown in figure 2(b) . The cut-off frequency (f cut-off ) and the gain factor (G) of the lowpass filter are adjusted to be 215 kHz and −2, respectively, by setting the resistor values R F1 , R F2 and R F3 to 500, 500 and 1000 Ω, respectively, and the capacitor values C F1 and C F2 to 500 and 2200 pF, respectively. f cut-off and G of the low-pass filter can be computed as:
Figure 2. Wireless PZT excitation node: (a) the overall composition and (b) the amplifier's schematic circuit diagram.
As described in the previous subsection, the power required to operate the PZT excitation node is wirelessly transmitted by the high-power laser in the excitation unit. Once P HL is emitted to the photovoltaic panel in the PZT excitation node, it converts the input laser power into electrical power. The dc-to-dc converter, which can regulate the output voltage level of 16 V, is used to supply stable electrical power to the amplifier. Here, the maximum PZT excitation voltage (V PZTmax ) of 14 V can be obtained when the converted electrical power is equal to or larger than 240 mW.
Sensing unit
A commercial scanning LDV (PSV-400-M4, Polytec Inc.) with a built-in galvanometer and an auto-focal lens [23] is used for the sensing unit. The LDV measures the out-of-plane velocity in the range from 0.01 μm/s to 10 μm/s onto a target surface based on the Doppler frequency-shift effect of light. To further illustrate, the LDV computes the frequency shift of the laser beam reflected from a vibrating target surface from its interference with a reference laser beam [12] . The laser source used for the LDV is a helium-neon (He-Ne) laser with a wavelength of 633 nm, and the optimal measurement distance is at 99 + 204n (mm), where n denotes an integer number. Then, the minimum focal length of the auto-focal lens is 0.35 mm, and the velocity sensitivity is 10 mm/s/V. The galvanometer embedded in the LDV allows a maximum rotating speed of 5730°/s and an angular resolution of 6.6 × 10 −4°. Note that the measurement sensitivity of the LDV highly depends on the target surface's condition, so a special surface treatment is often required to enhance measurement sensitivity from a rough surface.
Control unit
The control unit is composed of a personal computer (PC), a controller, a velocity decoder with a maximum velocity sensitivity of 1 mm/s/V and a 14-bit digitizer with a maximum sampling frequency of 5.12 MHz. First, AWG in the excitation unit sends out the trigger signal when it produces V AWG . Then, the controller subsequently sends out the control signal to the sensing unit to simultaneously start data collection. The velocity decoder computes the out-of-plane velocity by relating it to the frequency shift of the laser beam reflected from the target surface based on the Doppler effect. Once the ultrasonic wave responses are collected at multiple measurement points over the target structure, the corresponding ultrasonic wavefield images are constructed using MATLAB ® codes developed in this study and stored on the PC.
Self-referencing f-k filter (SRF) for automated crack detection
In this section, SRF is introduced so that crack-induced ultrasonic modes are solely isolated from the measured ultrasonic wavefield (W T ). The feasibility of SRF has already been successfully verified in a well-controlled laboratory environment [19] , and its real-field applicability is now being further investigated in a full-scale bridge structure in this study.
The main advantage of SRF lies in that it can extract only crack-induced ultrasonic modes even when they are all mixed with multiple ultrasonic modes produced by additional structural complexities such as stiffeners, holes and thickness variation. Moreover, the filtering parameters of SRF are determined using W T obtained from only the current state of a target structure, rendering it to instantaneously evaluate cracks without any prior baseline wavefield image, called baseline-free damage diagnosis. These attractive features of SRF enhance its applicability to an existing bridge. Once W T is measured from the entire scanning area using the WUWI system, SRF is applied according to the following steps.
(1) Transformation of the ultrasonic wavefield signals from the time-space (t-s) domain to the frequency- wavenumber (f-k) domain along multiple scanning lines parallel to the incident wave propagation direction.
To begin with SRF, it is assumed that the crack is spatially limited to a small area within the scanning area. After W T is obtained from the entire scanning area in the t-s domain, multiple scanning lines parallel to the ultrasonic wave propagating direction are chosen, as shown in figure 3 . Here, L j denotes the jth scanning line where j = 1 to n. Then, the ultrasonic wavefields corresponding to L j are transformed from the t-s domain to the f-k domain using the 2D Fourier transform (2D FT):
where W T j and U T j denote the ultrasonic wavefields along L j in the t-s and f-k domains, respectively, and k, x, ω and t denote the wavenumber, spatial coordinate, angular frequency and time, respectively.
(2) Selection of two scanning lines crossing the intact and damaged areas from the entire scanning area.
In this step, the existence of a crack is first determined, and then the representative two scanning lines, L I and L C crossing both the intact and cracked areas, respectively, are selected through the subsequent procedure. Once U T j is computed from equation (4), the maximum difference (M j ) between two adjacent U T j and + U T j 1 is computed with respect to k and ω:
, 0and 1to 1 (5)
where 'max' operator means the selection of the maximum value with respect to absolute difference values between adjacent wavefields in the f-k domain. Note that the domain for k is restricted to k ⩽ 0 so as to only consider the ultrasonic waves reflected from the crack and propagating opposite to the incident ultrasonic waves. Next, once M j values are computed for j = 1 to n − 1, their probability density function (PDF) is estimated by fitting a Type III extreme value distribution called a Weibull distribution to all M j values. Subsequently, a threshold value (TR I ) with respect to a one-sided 95% confidence interval is calculated. Consequently, the crack existence is identified when any M j value exceeds TR I . Then, L j 's corresponding to the maximum and minimum M j values are chosen as L I and L C , respectively, as shown in figure 3 . The physical premise of this L I and L C selection procedure is that ultrasonic wave signals obtained from the adjacent intact scanning lines will not be changed much when spatial scanning resolution is small, but they will be drastically altered by a crack formation even though the target area is densely scanned. Once L I and L C are selected, the parameters of the following two Hanning windows are estimated for the subsequent f-k filtering. Φ k in the k domain and Φ ω in the f domain are defined, respectively, as: where m k and 2d k denote the center and width of Φ k at a given ω, respectively, and m ω and 2d ω denote the center and width of Φ ω at a given k, respectively. Here, the appropriate selection of the center and width parameters of Φ k and Φ ω is critical to the performance of SRF isolating the crack-induced features. Figure 4 shows the successive procedure for determining these center and width parameters. First, the parameter determination starts with the calculation of the difference (ΔU T ) between U T C and U T I , which are the f-k domain ultrasonic wavefields corresponding to L I and L C , respectively:
ΔU T contains noise components as well as crack-induced features. To isolate only the crack-induced ultrasonic modes, the PDF of ΔU T is estimated by fitting a Type I extreme value distribution, known as a Gumbel distribution, to all entities in ΔU T for k ⩽ 0, and then a threshold value (TR II ) corresponding to a 95% confidence interval is computed. Then, the ΔU T values above TR II are retained in the f-k domain plot. Once the retained ΔU T values are projected onto the k domain, the maximum and minimum k values are calculated. Afterwards, m k is selected as the mean value between the maximum and minimum k values, and 2d k the difference between the maximum and minimum k values, as shown in figure 4 . In a similar fashion, m ω and 2d ω are determined in the f domain. (4) Isolation of crack-induced ultrasonic modes through selfreferencing f-k filtering.
Now, a filtered ultrasonic wavefield (U F j ) corresponding to L j is obtained by:
Consequently, the resultant ultrasonic wavefield (W F j ) according to L j in the t-s domain is reconstructed by an inverse 2D FT: The cumulative energy of W F j can be computed as: time point of t. In a similar manner, E x t ( , )
T j can be calculated from equation (11) using W T j instead of W F j . Once E F j values are obtained over the whole L j 's, the E F image in the 2D spatial domain is constructed by assembling all E F j plots. Note that only the crack formation is highlighted in E F image and the rest of the ultrasonic modes are deemphasized, because SRF acts as a band-pass filter for isolating the crack-induced ultrasonic modes.
(1) Denoising based on extreme value statistics:
To obtain further clear resultant images, an additional denoising process is performed by employing a threshold value (TR III ) based on extreme value statistics with respect to the E F [24] . First, the PDF of all E x t ( , ) F j data is estimated by fitting the Weibull distribution. Then, TR III corresponding to a one-sided 97% confidence interval is computed. After denoising, only E x t ( , )
F j values exceeding TR III are retained, resulting in only a crack-induced ultrasonic mode image.
Description of field bridge test
To examine the applicability of the proposed technique to a real bridge structure, a series of full-scale field tests were conducted at a decommissioned bridge, the Ramp-G Bridge, in Goyang, Kyunggi, South Korea. Figure 5 shows that Ramp-G Bridge is a curved double-span bridge composed of a concrete deck and two steel box girders. The inspected area is located near one of the abutments of the bridge, as shown in figure 5(a) . Although this bridge is already decommissioned, it undergoes perceptible ambient vibrations due to its closeness to nearby heavy traffic and wind loads.
The wireless PZT excitation node is embedded inside the steel bridge girder for ultrasonic generation, and corresponding responses are measured by the LDV scanning on the outer surface of the box girder. Figure 6 shows the field test setup of the WUWI system outside the box girder. The excitation unit is 2 m apart from the excitation node installed on the outer surface of the box girder, as shown in figure 6 . Then, the distance between the LDV and the target surface is approximately 3 m. To improve the sensitivity of the LDV, retro-reflective tapes are used on the scanning surface. Here, the PZT excitation node is connected to the PZTs embedded on the inner surface of the box girder. Figure 7 shows the prototype of the wireless PZT excitation node. A photodiode and the amplifying circuit designed in this study are packaged inside an aluminum case so that external physical and electrical disturbances can be avoided during field-testing. In this field test, the converted electrical power of 240 mW is necessary to obtain V PZTmax of 14 V.
Next, the experimental setup inside the box girder is shown in figure 8 . Two different target areas, Regions A and B, are inspected. Region A is a flat region with no additional Figure 10 . Representative ultrasonic wavefield images obtained at Region A using the WUWI system: I, T and R denote incident, transmitted and reflected waves, respectively. structural features, and Region B is a stiffened region with a vertical stiffener inside the box girder. Again, because the LDV scans only cover each region of the box girder's outer surface, as shown in figure 6 , additional structural boundaries cannot be observed on the scanning surface. The scanning areas of Regions A and B are, respectively, 115 × 161 mm 2 and 152 × 218 mm 2 , and the spatial resolutions of each region are set to 5 mm and 3 mm, respectively.
The PZT used for ultrasonic wave generation is an APC 850 type [25] with a diameter of 18 mm and a thickness of 0.508 mm, which is specially designed by encapsulating Kapton tapes with printed circuits and SMA connectors to improve their durability against harsh environments and to make their installations easier. For effective PZT placements, the protective paint layer is stripped off at the PZT positions using sandpaper, and extra care is taken to control the thickness of the bonding layer to be uniform. Then, artificial notches are introduced in both regions: an 80 mm-long, 4 mm-deep and 1 mm-wide notch in Region A, and a 100 mm-long, 4 mm-deep and 1 mm-wide notch in Region B, as shown in figure 8 . Note that the notch reasonably represents a crack if the width of the notch is significantly smaller than the wavelength of the ultrasonic waves [26] . Here, the depths of both notches are 30% of the bridge girder thickness of 12 mm. Note that the notches (hereafter called subsurface notches) introduced in both regions cannot be observed outside the box girder. Even if the PZTs are attached to the outside of the box girder, the notches can be sufficiently detected. In this study, the PZTs are installed inside the box girder to minimize the long-term degradation of the PZTs due to harsh outdoor environments. Seven-cycle toneburst input signals with a driving frequency of 130 kHz and a peak-to-peak voltage level of 14 V are applied to the PZTs using the wireless PZT excitation node, and the corresponding responses are scanned by an LDV with a sampling frequency of 5.12 MHz. The sensitivity of the velocity measurement is set to 10 mm/s/V. Then, the response signals at each sensing point are measured 100 times and averaged in the time domain to enhance the signal-tonoise ratio. Moreover, a low-pass filter in the PZT excitation node with its f cut-off of 215 kHz removes unwanted responses outside the frequency range of interest.
Field test results

Preliminary test
To examine the performance of the wireless PZT excitation, preliminary tests were performed before crack detection tests using the WUWI system. Figure 9 compares the input and output signals obtained by wired and wireless PZT excitation approaches. Here, the wired approach denotes that a PZT is excited by AWG directly connected to a PZT using an electric wire. Each signal is normalized by its maximum amplitude. Close agreement between the two input signals obtained from the wired and wireless PZT excitation approaches is observed in figure 9(a) , although little distortion of the input waveform exists. Then, the corresponding responses measured at a Figure 14 . Representative ultrasonic wavefield images obtained at Region B using the WUWI system: I, T and R denote incident, transmitted and reflected waves, respectively. specific spatial point using an LDV are also compared in figure 9 (b), revealing that the wireless PZT excitation node properly generates ultrasonic waves.
Hidden crack detection in region A
Figure 10 displays representative ultrasonic wavefield images obtained in Region A using the WUWI system. At 74.02 μs, only incident waves (I) can be observed, and then transmitted (T) and reflected waves (R) from the notch are clearly observed at around 90 μs. Here, spatial averaging was performed to reduce the noise components caused by the high irregularity of the bridge surface. Assuming that the spatial resolution of the scanning measurement is sufficiently small, the discrepancies among adjacent points can be negligible. Now, the SRF described in section 3 is applied to isolate the weak R generated from the subsurface notch. The M j values calculated along the y-axis in figure 10 using equation (5) are displayed in figure 11 . Based on the L I and L C selection procedure described in section 3, TR of Region A is computed as 0.8207 and L 30 and L 17 are respectively chosen as L I and L C , as shown in figure 11 . Next, the corresponding U T I and U T C are shown in figures 12(a) and (b), respectively. Although reflected modes should not be theoretically observed in figure 12(a) , weak reflected modes exist because of unwanted noise components. However, the perceptible notch-reflected modes are clearly visualized in figure 12(b) , even though their amplitudes are much smaller than those of the transmitted modes.
Based on the computed filtering parameters explained in section 3, the E F images are obtained by assembling all E F j values, as shown in figure 13 . Figure 13(a) shows that the energy of the notch-reflected modes was well extracted and concentrated in front of the subsurface notch. To further identify and localize the notch, the denoising process described in step (5) of section 3 was carried out. Consequently, the final resultant image of figure 13(b) shows that only the notch-induced mode energy was emphasized after the denoising process, making it possible to identify and localize the subsurface notch without relying on any baseline data previously obtained from the pristine condition of the bridge structure.
Hidden crack detection in region B
Similarly, figure 14 shows ultrasonic wavefield images obtained from Region B. Similar wave propagation patterns can be observed in figure 10 except the difference in that R comes from the vertical stiffener as well as the subsurface notch. Here, more discernable noise components are observed in figure 14 compared to figure 10 due to higher surface irregularity.
In a similar fashion to the previous results of Region A, L I and L C of Region B are determined as L 68 and L 23 , and the corresponding U T I and U T C are shown in figures 15(a) and (b), respectively. Similar results obtained in Region A can be observed, but clearer stiffener-reflected modes are revealed in figure 15(a) . Although the notch-reflected modes coexist with the stiffener-reflected modes, remarkably distinguishable notch-reflected modes can be observed in figure 15(b) . Subsequently, the subsurface notch in Region B is clearly identified and localized even in the presence of the vertical stiffener in the collocation of the notch, as shown in figure 16 (a). After denoising, only notch-reflected energy concentration is highlighted, as shown in figure 16 (b).
Conclusion
This paper presents a WUWI technique for hidden damage detection inside a steel box girder bridge. The WUWI system and the corresponding damage visualization algorithm were developed, and their applicability to real structures were examined through full-scale field testing at the decommissioned Ramp-G Bridge in South Korea, which is a unique opportunity provided by Korea Expressway Corporation for performing destructive testing. The experimental results demonstrate that the proposed WUWI technique successfully visualizes only hidden cracks inside the steel box girder of the bridge without comparing them to baseline data even when the crack and an additional stiffener coexist. However, the proposed technique as the very first trial for field bridge applications still has several implementation issues to be resolved. First, the precise laser aiming from an excitation unit to a target photodiode in a PZT excitation node and a photovoltaic panel can be a challenging task when the target bridge is exposed to vibration from traffic or wind loading. Although a manual aiming strategy is used in this study, it is envisioned that an automated aiming system such as a visual servoing system [27] can improve the applicability of the WUWI technique. Second, an LDV often requires timedomain averaging of responses with respect to each spatial sensing point to improve their signal-to-noise ratios. However, in-service bridges under noticeable vibration conditions make it difficult to retain multiple sensing at an identical spatial point. During the LDV measurement, the movement of the target point may disturb appropriate wavefield collection. Third, a special surface treatment such as retro-reflective tapes or paints might be necessary to enhance the LDV sensitivity on field bridge surface conditions. Finally, there can be an eye safety issue related to the use of high-power continuous CW lasers (Class 4). Further studies are warranted to address these issues.
